Preparing students to explore, understand, and resolve societal challenges such as global climate change is an important task for evolutionary and ecological biologists that will require novel and innovative pedagogical approaches. Recent calls to reform undergraduate science education emphasize the importance of engaging students in inquirydriven, active, and authentic learning experiences. We believe that the vast digital resources (i.e., "big data") associated with natural history collections provide invaluable but underutilized opportunities to create such experiences for undergraduates in biology. Here, we describe an online, open-access educational module that we have developed that harnesses the power of collections-based information to introduce students to multiple conceptual and analytical elements of climate change, evolutionary, and ecological biology research. The module builds upon natural history specimens and data collected over the span of nearly a century in Yosemite National Park, California, to guide students through a series of exercises aimed at testing hypotheses regarding observed differences in response to climate change by two closely related and partially co-occurring species of chipmunks. The content of the module can readily be modified to meet the pedagogical goals and instructional levels of different courses while the analytical strategies outlined can be adapted to address a wide array of questions in evolutionary and ecological biology. In sum, we believe that specimen-based natural history data represent a powerful platform for reforming undergraduate instruction in biology. Because these efforts will result in citizens who are better prepared to understand complex biological relationships, the benefits of this approach to undergraduate education will have widespread benefits to society.
Background
Global climates are changing at an unprecedented pace (IPCC 2014) . These changes have critical implications for humans, including alterations to food production (Nelson et al. 2014; Vermeulen et al. 2012) , loss of economically important ecosystems (Hanewinkel et al. 2013; Hannah et al. 2013) , and emergence of new pathogens and diseases (Altizer et al. 2013; Kutz et al. 2009 ). Each of these threats is also integrally tied to changes in global biotas, making efforts to understand the impacts of climate change on the evolutionary and ecological dynamics of biodiversity essential to nearly all aspects of modern biology. Accordingly, training future generations of biologists-as well as an informed public-will increasingly require understanding of the concepts, skills, and data needed to evaluate changes to biodiversity and the associated impacts on humans. Because natural history collections serve as vast, often untapped, repositories of knowledge regarding global biodiversity (Graham et al. 2004; Page et al. 2015; Ponder et al. 2001; Pyke and Ehrlich 2010; Wen et al. 2015) , we believe that undergraduate learning experiences that capitalize upon these invaluable resources will be particularly effective in training students to aggregate, analyze, and interpret the biological data sets needed to address the challenges that Open Access *Correspondence: thammond@berkeley.edu 1 Museum of Vertebrate Zoology & Department of Integrative Biology, University of California, Berkeley, CA 94720-3140, USA Full list of author information is available at the end of the article lie ahead. Here, we describe newly developed classroom exercises that make use of emerging biodiversity informatics resources-"big data"-obtained from museum specimens to provide authentic, inquiry-driven, placebased instruction in the scientific principles and procedures underlying modern climate change research.
Climate change: a call for new forms of science education
Climate change research is inherently interdisciplinary, incorporating elements of diverse disciplines such as ecology, geology, chemistry, evolutionary biology, sociology, geography, urban and regional planning, earth and planetary sciences, agriculture, and medicine. Preparing students for a world in which the effects of climate change are omnipresent requires a new model for science education-one that emphasizes the intellectual and practical abilities needed to work across disciplines to develop responses to global challenges (Melillo et al. 2014; Plutzer et al. 2016) . The need for new models of education is exacerbated by ongoing declines in literacy in science, technology, engineering, and mathematics (STEM) in the United States (Brewer and Smith 2011; PCAST 2012) . Science education is at a critical juncture, with the effectiveness of current classroom strategies being questioned just as pressing new needs are emerging. Rather than viewing these as orthogonal or even opposing problems, we believe they can act in concert to offer exciting opportunities for educational reform. Specifically, we suggest that efforts to equip students with the knowledge and skills required to address global climate change provide a perfect opportunity to enact more general changes in undergraduate science education to bring pressing issues into the classroom.
The foundation: climate change, biodiversity, and natural history collections
Natural history collections provide a particularly effective vehicle for educators to engage students in inquiry-based learning through exploration of the extensive resources associated with museum specimens Powers et al. 2014; Monfils et al. in press) . The millions of physical specimens housed in such collections represent an irreplaceable record of global biodiversity (NIBA 2010) . Increasingly, these specimens are linked to a rich array of additional information such as genetic sequences, records of parasites and pathogens, field observations of behavior, ecological information derived from stable isotope analyses, and habitat assessments based on remote-sensing satellite data (Cook et al. 2016) . Because specimens and all associated data are both georeferenced and time-stamped, they provide critical resources for examination of changes in biodiversity over space and time (Johnson et al. 2012; Lister 2011; Wandeler et al. 2007 ). As a result, an increasing number of studies are using direct comparisons of historical and modern natural history specimens and associated information to document the impacts of climatic change (Moritz et al. 2008; Rowe et al. 2014; Tingley et al. 2009 ).
Big data, big opportunities
Until recently, access to the information contained in natural history collections was limited primarily to curators and the subset of researchers engaged in studies of traditional museum disciplines such as taxonomy and systematics. With the explosive increase in digitization of natural history collections, however, many of the constraints on specimen use have been eliminated (Holmes et al. 2016) . Indeed, the contents of many collections are now digitally available to anyone with internet access. This includes information regarding taxonomic identities, georeferenced localities, collection dates, and critical life history parameters such as sex, reproductive status, and relative age ( Fig. 1 ; Cook et al. 2016) . For an increasing number of specimens, data regarding genetic variation are also available online (e.g., GenBank, www.ncbi. nlm.nih.gov/genbank/). Coupled with the growing array of mapping and analytical tools for analyzing natural history data (e.g., Berkeley Mapper, http://berkeleymapper. berkeley.edu/; Map of Life, www.mol.org), the result is a phenomenal bioinformatics toolkit for exploring the impacts of climate change on biodiversity.
While the use of natural history "big data" to explore organismal responses to environmental change has skyrocketed over the past decade (Rowe et al. 2014; Rubidge et al. 2011) , the value of these resources to undergraduate education is just beginning to be realized . As the ease of accessing and analyzing the wealth of information in natural history collections continues to increase, the opportunities for creating significant and exciting learning experiences for students are growing. To illustrate the educational potential of these resources, below we outline an educational module that capitalizes upon natural history "big data" to engage students in inquiry-driven learning experiences that explore complex, real-world responses to environmental change. This module is one of several developed as part of AIM-UP!, an NSF-funded Research Coordination Network created to enhance the use of natural history collections in undergraduate biology education. All materials needed to use this module, including detailed guidance for educators as well as instructions regarding the download and installation of necessary software, are freely available online at http://aimup.unm.edu/for-educators/Climate%20change.html.
The Grinnell resurvey project: using museum resources to document climate change Joseph Grinnell was the first Director of UC Berkeley's Museum of Vertebrate Zoology (MVZ). From 1914 to 1920, Grinnell and other members of the MVZ conducted extensive faunal surveys of the Sierra Nevada Mountains of California, with an emphasis on the Yosemite region in the central Sierra Nevada (Fig. 2) . This undertaking produced more than 2700 museum specimens, as well as more than 2000 pages of handwritten field notes and over 800 photographs of California animals and their habitats. In addition to providing the first detailed characterization of the vertebrates of the Yosemite region (Grinnell and Storer 1924) Types of natural history museum data. Natural history specimens form the core of a large, integrative network of information that can be used to address numerous questions regarding environmental and climate change. In addition to traditional physical specimens (e.g., skins and skulls), data collected in the field (yellow circles) include photos, field notes, capture localities, and tissue samples. These materials, in turn, are used to document multiple aspects of an organism's biology (green circles), including elements of genotypic and phenotypic variation as well as interspecific relationships such as parasite-pathogen dynamics, co-evolutionary relationships, and biotic community structure the collecting sites and largely duplicated the field methods of Grinnell and colleagues. The resurvey effort resulted in the collection of an additional 8500 specimens as well as extensive associated field notes and photos. Together with the results of Grinnell's original surveys of the Yosemite region, these resources provide an unparalleled record of changes in faunal diversity in the central Sierra Nevada over the past ~100 years.
Starting with the physical specimens collected during the historical and modern Grinnell surveys, research into the impacts of environmental change in Yosemite over the past century has grown to include analyses of temporal changes in multiple aspects of the phenotypes and genotypes of the vertebrates of this region. This includes digital morphometric analyses of changes in cranial structure , stable isotope analyses of fur samples to characterize dietary changes , and sequencing of genomic DNA to quantify changes in genetic variation (Bi et al. 2012 (Bi et al. , 2013 . In brief, the natural history specimens generated by the Grinnell surveys are at the forefront of research into the ecological and evolutionary consequences of climate change.
The GRP module: integrating research and education
While the value of the Grinnell surveys to climate change research is immediately apparent, the potential educational value of these materials is just beginning to be realized. The Grinnell data offer important natural history collections-based opportunities to develop creative new approaches to undergraduate STEM education that are consistent with the changes suggested by AAAS's Vision and Change document. In particular, we believe that the Yosemite surveys, as one particularly rich exemplar of the power of natural history collections data, provide an ideal context for engaging students in inquiry-driven learning experiences that promote understanding of relevant biological concepts while simultaneously instilling familiarity with critical analytical skills . A significant component of the educational value of these . Using Grinnell's detailed specimen locality data, field notes, and photos, researchers were able to replicate closely his sampling efforts nearly a century later. The result is an unprecedented look at biotic responses to nearly a century of environmental change materials derives from their dynamic nature as resources actively in use as part of research on climate change, rather than canned exercises with pre-determined outcomes. The objectives and content of student activities based on the Grinnell surveys will change as the underlying database grows and changes, thereby allowing students to participate directly in the ongoing exploration of the effects of climate change on the fauna of Yosemite.
Getting started: the MAD response
When faced with environmental change, populations of organisms tend to move, adapt, or die (the "MAD" response), and evidence for all three of these responses has been observed in a variety of ecological systems (reviewed in Parmesan 2006) . The first of these responses-move-is expected to result in changes to a species' geographic distribution, including elevational as well as latitudinal or longitudinal range changes. In contrast, the second response-adapt-may occur in situ, generating quantifiable changes in phenotypes and genotypes as populations respond to new combinations of local selective pressures. The third response-deathresults from the local (and potentially more widespread) extinction of populations of conspecifics. This seemingly simple set of outcomes encompasses a wide range of ecological and evolutionary concepts that are central to understanding patterns and processes of organismal change. As a result, educational activities based on the MAD response to environmental change offer numerous opportunities to integrate fundamental principles and practices in biology education.
Narrowing the scope: chipmunks as focal study organisms
Over the course of the Grinnell surveys, chipmunks (genus Tamias) have emerged as key taxa for studying the impacts of climate change. This emphasis on chipmunks reflects their marked interspecific variation in response to the past century of environmental change, as revealed by comparisons of the historical and modern distributions of these animals in the Sierra Nevada. At the time of Grinnell's original surveys, five species of chipmunks were documented in the Yosemite region, with each species occupying an elevationally distinct band between the western foothills and the crest of the Sierra Nevada (Grinnell and Storer 1924) . Four of these species (T. quadrimaculatus, T. senex, T. speciosus, T. alpinus) are also represented in the modern Grinnell surveys. Comparisons of trapping localities for conspecifics captured in each time period indicate that two species have undergone significant changes in distribution over the past century (Fig. 3) . Specifically, T. senex has largely disappeared from Yosemite during this period while T. alpinus has undergone a significant upward contraction of its historical lower elevational range limit (Moritz et al. 2008) . Interestingly, T. speciosus, which is partially sympatric with both T. senex and T. alpinus, has undergone no significant change in distribution during the same interval.
This difference in response by phylogenetically related, ecologically similar, and at least partially co-occurring species has prompted additional research aimed at identifying the factors that determine their responsiveness to environmental change. Due to the effective absence of T. senex in modern surveys, these analyses have focused on comparisons of the lodgepole chipmunk (T. speciosus) and the alpine chipmunk (T. alpinus). Both of these charismatic species are diurnal and herbivorous and hibernate during the long montane winter. Where they co-occur, the two species are readily distinguished by their size (T. speciosus: 50-70 g; T. alpinus: <50 g) and their pattern of pelage stripes. Although few detailed studies have been conducted on the natural history of these animals, T. alpinus is generally considered to be more of an ecological specialist than T. speciosus, a difference that may have important implications for patterns of response to environmental change. Ongoing studies are exploring potential relationships among ecology, behavior, physiology, genetic variability, and observed elevational responses by these species over the past century (Bi et al. 2013; Hammond et al. 2015 Hammond et al. , 2016 Rubidge et al. 2011 Rubidge et al. , 2012 Walsh et al. 2016 ).
What's the point? goals and objectives
The educational module described here builds upon collections-based research conducted as part of the GRP to promote both conceptual understanding and acquisition of critical research skills related to climate change. The module consists of three distinct but related sets of inquiry-driven activities that are designed to be used together or as stand-alone exercises. The specific objectives for each part of the module are given at the start of the associated online materials. More generally, using responses to climate change by Yosemite chipmunks as a starting point, each portion of the module introduces students to critical concepts in organismal and evolutionary biology that are relevant to a component of the MAD response. Using these concepts, students develop hypotheses and test predictions regarding the impacts of changing climatic conditions on specific aspects of chipmunk biology. Students then extract, organize, and interpret relevant specimen-based data. By constructing graphs and completing simple statistical tests, students formally test their hypotheses, after which interpretation of these outcomes can be used to relate information contained in museum data back to key concepts and patterns of response to changing climatic conditions. Thus the module uses a real-world example to engage students in the process of scientific inquiry. In particular, the fluid structure of the module promotes active learning and discovery but with sufficient guidance to insure that students master essential biological concepts and achieve competency with fundamental analytical skills.
Module part 1: exploring range changes
Changes in a species' distributional limits-the M in MAD-provide a common first line of evidence that organisms are responding to environmental change. In the first part of the GRP educational module, students use the elevational records for museum specimens of T. speciosus and T. alpinus from Yosemite to determine if the elevational ranges of these animals have changed over the past century (Fig. 4) . While this activity can be completely exploratory (e.g., has either species experienced an elevational range change?), it can also be more hypothesis-driven if students are asked to use basic natural history differences between these species to predict relative patterns of movement in response to environmental change (e.g., is greater habitat specialization associated with a more pronounced change in elevational distribution?). The latter approach requires students to wrestle with fundamental concepts such as ecological specialization, niche width, and elevational changes in habitat conditions. The assumption that T. alpinus is more ecologically specialized can be provided as background information or students can arrive at this understanding for themselves by comparing the descriptions of the study species available on Animal Diversity Web (animaldiversity.org). In sum, the degree to which the hypothesis-testing framework for the module is instructor-versus student-generated can be varied to meet the objectives of different courses.
To test predictions regarding interspecific differences in range response, the relevant data can be extracted from the MVZ's publicly accessible database (http://arctos.database.museum/SpecimenSearch.cfm). As is true of any natural history collection database, however, the resulting "raw" information requires review for accuracy prior to use. To simplify this process for instructors, we Fig. 3 Elevational range shifts of yosemite chipmunks. Two species of chipmunks have become the focus of efforts to understand interspecific differences in response to climate change in Yosemite National Park. Although the lodgepole chipmunk (Tamias speciosus) and the alpine chipmunk (Tamias alpinus) are closely related and co-occur in portions of the park, they display very different patterns of elevational range response to the past century of environmental change. While the alpine chipmunk has undergone a significant upward shift of its lower elevational range limit, the lodgepole chipmunk has experienced no significant change in its elevational distribution (Moritz et al. 2008 ; profile map of the Sierra Nevada modified from Grinnell and Storer 1924) provide a ready-to-use set of collection localities, including elevations, for the focal study species; these materials are available online as part of the GRP module. As a first step toward analyzing these data, we provide several R-program scripts that map the elevational records for each species (scripts are easily usable even by those who have never worked in R, and an "Introduction to R" activity is also included with the module), first as points on digital maps of Yosemite (Fig. 4b ) and then in a more quantitative format that graphically contrasts the range of elevations for historical and modern specimens of each species (Fig. 4c) . These procedures allow students to visualize the historical and modern distributions of each species to gain a qualitative understanding of their elevational range shifts. These analyses also open the door for discussion of important considerations such as the impacts of potential sampling biases on conclusions regarding range shifts. To compare the distributions of the two study species quantitatively, as well as to assess intraspecific changes in distribution from historical to modern time periods, simple descriptive parameters (e.g., means and standard deviations) and two-sample statistical tests (e.g., t-tests) can be used. Background reading, detailed instructions, and suggestions for completing each of these analytical steps are provided online in the module.
Module part 2: examining evidence of adaptation
Local adaptation-the A in MAD-represents a second potential response to environmental change. Local adaptation may occur as an alternative to or in conjunction with changes in species' distributions, adding an important dimension of complexity to studies of the effects of climate change. The second part of the GRP module explores potential evidence of in situ change in cranial morphology and genetic variation. Again, exploration of data regarding in situ change can be hypothesisdriven, as the published literature provides evidence for two potential alternative outcomes. Specifically, relative to species that fail to move, species that undergo range changes may experience (1) greater in situ adaptation in the novel environments encountered as a result of distributional changes or (2) reduced in situ adaptation because changes in distribution allow them to track-i.e., to continue to inhabit-preferred habitats. These hypotheses incorporate critical evolutionary concepts such as adaptation, natural selection, phenotypic change, and the role of environmental conditions in establishing local selective pressures.
To test the two hypotheses outlined above, the GRP module employs the extensive ancillary data sets developed from specimens of T. alpinus and T. speciosus collected in Yosemite (Fig. 1) . To explore potential adaptive changes in cranial structure (a possible signal of changes in environmental conditions), students analyze morphological measurements made from the skulls of these animals, in the process considering how cranial structure may be related to differences in diet, respiratory physiology, and olfactory exploration of the environment (Fig. 5a, b) Module part 1: using online resources, mapping, and statistics in R to understand movement. In the first part of the module, students examine elevational range shifts among Yosemite chipmunks. They use Animal Diversity Web to gather basic information about the focal species, such as which habitats they prefer (a), after which they use an R script provided in the module to map historic and contemporary museum specimen localities (b T. speciosus) and to quantitatively examine the elevational shifts that have occurred over the past century (c). Actual module output generated by students is shown in (b, c) and morphological information are provided with the GRP module, along with guidelines and suggestions for analyzing these data sets. The types of changes outlined above may result from phenotypic plasticity (the ability of a single genotype to express different phenotypes in different environments) or may reflect evolutionary change (selection for different phenotypes over multiple generations). Over time, the latter is expected to be associated with genotypic changes in the study organisms. More generally, range changes as well as demographic responses to climate change may affect genetic variability within populations, and thus exploration of patterns of genetic structure represents a critical component of characterizing potential responses to changing environmental conditions. Accordingly, students can also use this part of the GRP module to examine changes in genetic structure over the course of the Grinnell surveys (Fig. 5c, d ). Relationships between habitat use, demography, and genetic variation are complex. However, by focusing on the effects of the upward range contraction by T. alpinus on the continuity of the habitats occupied by this species, students should be able to generate testable predictions regarding relative changes in genetic variability in the two study species over the past century. To explore these ideas, the module includes a file containing genotypic data (analyses of 7 microsatellite a b c d
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Module part 2: using data visualization and statistical analyses in R to address adaptive change. In the second part of the module, students use data on skull morphology (a, b) and genetics (c, d) to address questions about adaptive change. Students use an R script provided in the module to plot changes in skull shape from historic to contemporary times in each of the focal species (b). To examine temporal changes in genetic diversity, students qualitatively examine published data on genetic subdivision (c) and use an R script to compare levels of genetic diversity in historic and modern sampling periods (d). Actual module output generated by students is shown in (b) and (d) loci; Rubidge et al. 2012) for the focal species (Fig. 5d ). Suggestions and guidelines for conducting simple comparative, quantitative analyses of genetic variability in the study species are also provided.
Module part 3: what about "missing" populations?
Death-the D in MAD-is a third potential response to climate change. Depending upon the scale at which mortality occurs, it may result in extirpation of local populations or more extensive extinctions that, in extreme cases, result in the complete loss of a species. A growing body of evidence suggests that even local extinctions in response to climate change may have profound impacts on communities of organisms and thus the loss of individuals, populations, and species is of considerable interest to evolutionary as well as conservation biologists (Blois et al. 2013; Lurgi et al. 2012) . With regard to the GRP, the almost complete absence of T. senex from modern surveys is thought to reflect the extirpation of these animals. Although populations of this species persist elsewhere in California, they are now thought to be largely absent from Yosemite. At a much more local scale, the upward range contraction of T. alpinus may also reflect extirpation, in this case the loss of local populations that had been resident at the elevations that were historically occupied by this species. Although some individuals may have moved to higher elevations, the pattern of range contraction by this species coupled with the pattern of generally exclusive use of home ranges by these animals (Chappell 1978; Heller 1971 ) makes it unlikely that entire populations of alpine chipmunks have moved uphill as environmental conditions have changed. Thus, loss of populations due to local extirpation appears to be an integral part of the GRP findings. In addition to being fundamental concepts in evolutionary biology, extirpation and extinction pose important analytical challenges for the types of field surveys that form the core of the GRP effort. While evidence that a species was present at a given point in space and time is largely irrefutable (the specimen is the proof!), unambiguous evidence that a species is absent is more difficult to obtain. As a result, statistical analyses of occurrence data must take into account parameters such as the probability of detecting an organism, a value that can differ markedly among species (MacKenzie et al. 2005) . While an in-depth quantitative analysis of this problem is beyond the scope of the GRP module, we believe that the conceptual challenge of working with presence-absence data is an important topic for students to consider; in addition to being the basis for the D portion (and a potential part of the M portion) of the MAD response, absence data may have significant practical implications (is a "missing" species really extinct?). As a result, analyses of absence data provide the basis for important discussions regarding the foundations of the scientific method. In Part 3 of the GRP module, students use historic and modern data on the presence of chipmunks to develop simple ecological niche models that predict where each species should persist in the future (Fig. 6) . As part of this activity, students can use a modified data set provided in the module to explore the effect of changes in detectability of the study species on these future projected ranges.
Customizing the module for your classroom
As the previous sections indicate, the GRP module includes a series of activities aimed at engaging students in direct exploration of specimen-based data relevant to studies of climate change. An important feature of the module is that these materials can be tailored to meet the diverse needs of different courses. For students that require more structure, the online resources can be used verbatim to guide classroom activities. For students capable of working more independently, the online materials may be more effective as demonstrations of the types of analyses that can be conducted using natural history collections data. Depending upon the educational goals, instructional level, and time available to students, the activities outlined in the module can be completed during a single several-hour period or they can be expanded to form the basis for semester-long student projects. With regard to the latter, once students have become familiar with the nature of the GRP data set, they can expand their inquiries to consider other taxa or to consider other regions of the planet for which historical and modern records exist. This flexibility is a critical feature of the GRP module that should enhance its utility to instructors. Indeed, we hope that one consequence of making these materials widely available is the emergence of new opportunities to collaborate with undergraduate educators to improve the utility of the module and to assess quantitatively the effectiveness of this tool for enhancing STEM education.
Did it work? Assessing student performance
An essential component of most educational activities is the assessment of the impacts of those experiences on student knowledge and understanding. Because the goals of student assessment differ among instructors, courses, and institutions (Andersen and Rogan 2010) , it is challenging to provide a single, broadly applicable assessment plan for the GRP module. In our initial testing of these materials we employed an informal formative assessment strategy based on student input regarding the clarity of the background information and instructions provided; this focus reflects the process of creating the module. Now, as we segue to evaluating the educational impact of the module, we are developing different assessment tools such as pre-and post-activity quizzes that measure gains in understanding of associated biological concepts and pre-and post-activity surveys that assess changes in student understanding of the nature and scientific value of natural history collections. We note that the module lends itself to multiple forms of quantitative assessment, including evaluation of student gains in core competencies and concepts identified as critical to undergraduate science education (Brewer and Smith 2011) . The module also provides a foundation for quantitative and qualitative assessment of changes in student attitudes toward the scientific process, climate change, and natural history collections (Zeidler et al. 2002; Reid 2006; Semsar et al. 2011) . In sum, just as the module has been designed to be adaptable to a range of specific instructional goals, its success as an educational activity can be evaluated using an array of procedures.
Bringing it home: place-based studies of climate change
Anthropogenic climate change is a global phenomenon, the effects of which can vary markedly over sometimes limited spatial scales (Parmesan 2006) . One important means of increasing student engagement in educational activities is to make those experiences place-based-that is, to make them local and therefore relevant to a specific group of students (Orr 1994) . Place-based learning has been shown to increase pro-environmental behavior (Scannell and Gifford 2010) , to provide a strong predictor of efforts to improve environmental quality (Johnson et al. 2012) , and to represent a potentially important tool for promoting acceptance of climate change as a phenomenon of critical concern (Borick and Rabe 2010; Brownlee et al. 2013) . Indeed, place-based education provides a general framework for improving ecological-and therefore biological-literacy (Jordan et al. 2009 ).
The types of inquiry-driven activities outlined in the GRP module offer important opportunities for instructors to engage students in place-based studies of climate change. Natural history specimens provide evocative connections between science and our daily lives; such specimens represent real organisms that at one time also called a given locale "home" and that students may have observed in nature. The field notebooks and images associated with those specimens are artifacts left by named individuals who visited places known to the students in question. This connection to the familiar is critical, as it serves to make the complicated processes and complex outcomes of climate change relevant in ways that examples drawn from distant and unfamiliar locations cannot. Thus, it allows instructors to use salient local features as a foundation for enhancing conceptual understanding of biology (Sobel 2004 Absence data (species known to not occur)
Presence data (species known to occur)
Ecological niche model (area where species is predicted to occur)
Fig. 6
Module part 3: using ecological niche models in MaxEnt to understand future extirpations. In the third part of the module, students learn the basic principles of niche modeling (a). They use MaxEnt to generate past, present, and future ecological niche models (b) for the focal species based on past and present museum localities as well as multiple emissions scenarios for future climatic regimes (c). An example of actual module output generated by students is shown in (b), which displays an example ecological niche module for T. alpinus
The importance of place-based examples to ecological literacy, environmental advocacy, and climate change education has been articulated in multiple recent publications (Borick and Rabe 2010; Brownlee et al. 2013; Johnson et al. 2012; Jordan et al. 2009; Scannell and Gifford 2010) . Schweizer et al. (2013) proposed that America's national parks and wildlife refuges should serve as focal points for this kind of environmental education. While the GRP module focuses on an iconic national park, we believe that place-based connections with the environment can and should be extended to encompass any number of local settings, including natural areas on urban university campuses. Multiple factors contribute to creating a sense of place (Kudryavtsev et al. 2012) and, accordingly, establishing connections may be more challenging for some settings than for others. In the context of this article, not all localities will have natural history specimens associated with them, thereby limiting opportunities to create activities similar to the GRP module. However, the range of locations worldwide for which museum specimens are available and the ready online access to natural history collections data increase the probability that local exemplars can be identified for numerous groups of students. Thus, while the Yosemite study system offers a particularly rich data set around which to build an educational module, we encourage educators to be creative and to explore the vast array of information contained in natural history collections to provide critical STEM training in the context of exploring local effects of climate change.
Creating a network of MAD observatories
The GRP module emphasizes the use of natural history collections data in undergraduate education. Such data represent invaluable resources for engaging students in learning activities that are consistent with STEM principles, and, importantly, these natural history "big data" are now available to educators at institutions without collections, thereby greatly increasing the potential impact of natural history specimens and specimen data on undergraduate education. A related outcome of the emergence of "big data" has been an increased emphasis on alternative forms of natural history information, including increased use of observations collected as part of citizen science efforts (Silvertown 2009 ). While physical specimens provide a critical permanent record of biodiversity, the importance of reliable locality information collected by students and non-scientists is growing. Acceptance of these types of information increases the potential for students to engage directly in the generation of biodiversity data, thereby providing an additional means of making learning experiences place-based.
The ability of students to collect their own biodiversity data creates exciting, synergistic new opportunities for undergraduate education. Among these is the potential to establish a national or international network of student-driven MAD "observatories. " Each observatory would be the result of campus-specific learning activities that integrate use of existing digital natural history resources with collection of new, local biodiversity data. Aggregating these efforts across multiple institutions would create a novel and important resource that would not only enhance undergraduate training in STEM disciplines, but would also further climate change research. Thus, the merger of natural history collections with "big data" bioinformatics may help to solve big problems such as the impacts of climate change on global biodiversity.
Implications for science education
Although the GRP module emphasizes climate change, we believe that the pedagogical approach and instructional strategies encompassed by the module have implications for biology education that extend well beyond the scope of this or any specific topic. Recent calls for reform in biology education emphasize the need for (1) improved integration of concepts and facts with the process of scientific inquiry, (2) active, rather than passive learning experiences, and (3) authentic exposure to biology, including exposure to the variability and unpredictability inherent to natural systems (Brewer and Smith, 2011) . The activities outlined in the GRP module are consistent with each of these goals: the module describes inquiry-driven learning experiences that require students to integrate multiple types of data and analytical skills to test hypotheses based on current, real-world problems. In particular, the module uses emerging "big data" resources to examine information obtained from fieldbased specimens, thereby generating a critical intersection between bioinformatics, computational biology, and natural history. These learning experiences are active and authentic in that students engage in the process of analyzing the effects of climate change using information drawn from a "living" database that is constantly changing as new specimens and associated records are added. While the module is structured around concepts, questions, and analyses related to climate change, it can also readily serve as a template for similar instructional efforts on the vast array of biological topics that are informed by natural history specimens .
Conclusions
Biology education is at a crossroads. Traditional, largely passive approaches to undergraduate education (e.g., large, lecture format courses; memorization-driven evaluative methods) are not effective at preparing students to participate directly in efforts to resolve emerging global challenges such as climate change. As a result, new educational strategies are required to train future generations of scientists as well as to increase public science literacy. As we have argued here, natural history collections and the increasingly rich and diverse data sets associated with these specimens represent critical but largely untapped resources for revolutionizing undergraduate education in biology, particularly in the fields of evolution and ecology. Now, in the era of "big data, " natural history collections offer significant opportunities to engage students in inquiry-driven, place-based exercises that integrate fundamental biological concepts with efforts to understand emerging conservation and societal issues such as climate change. As illustrated by the GRP module, these exercises can be tailored to meet a wide range of educational objectives and levels of instruction. As use of these resources grows, we expect that exciting new ideas and opportunities will emerge, thereby further solidifying the role of natural history collections in undergraduate education. The associated changes to the process of biology education will benefit all of us through improved training of future generations of scientists and citizens-the individuals who will be at the forefront of resolving the complex challenges that lie ahead. 
